Abstract: An entirely earth abundant chromophore-relay-water oxidation catalyst triad system, which is robust and efficient at neutral pH, is presented. The synthesis involves the coordination of a porphyrin derivative to a bridging Fe(CN)5 group, which is then reacted with Co ions to prepare a covalently linked chromophorePrussian blue analogue assembly. Light driven water oxidation studies in the presence of an electron scavenger indicate that the triad is active and it maintains a steady activity for at least 3 hours. Transient absorption experiments and computational studies reveal that the Fe(CN)5 group is more than a linker as it takes part in electrontransfer and co-operates with porphyrin in the charge separation process.
Artificial photosynthesis, which harnesses sunlight to split water, is a chemical transformation of utmost interest. [1] Several innovative photoelectrochemical cells for water splitting have been proposed since the pioneering work by Fujishima and Honda. [2, 3] Of these, dye-sensitized photoelectrochemical cells (DS-PECs) utilize covalently coordinated chromophore-water oxidation catalyst (WOC) dyad assemblies [4] [5] [6] in an effort to mimic natural photosynthesis. This approach has further been expanded by integrating suitable donor and acceptor units to prepare molecular triads, tetrads, and pentads for efficient charge separation. [7] [8] [9] Molecular ruthenium complexes (as photosensitizers and/or WOCs) remain the most widely used despite their high cost and easy decomposition under photocatalytic conditions. [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] Although the use of robust heterogeneous assemblies such as oxides could be a promising solution to improve stability, the lack of complete control on the coordination of metal ions in oxide chemistry does not allow the preparation of oxide-based dyads. [20] On the other hand, many cyanide-based assemblies have been prepared previously via a building block approach, similar to the preparation of dyads. [21] Different perspectives of cobalt based Prussian blue analogues (PBAs) as WOCs have recently been explored by us and other researchers. [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] PBAs consist of earth-abundant elements, perform at relatively low overpotentials (<500 mV for a current density of 1 mA cm −2 ), exhibit exceptional stabilities in a wide pH range (from 1 to 13), and can operate even with molecular chromophores for light-driven catalysis. [32] Recently, we employed a pentacyanoferrate complex rather than a hexacyanometal precursor to prepare an amorphous PBA with enhanced electrocatalytic activity. [25] The aforementioned study and many others reveal that the ammino group of [Fe(CN)5(NH3)] 3− complex can be substituted with pyridyl containing organic moieties via a straightforward synthesis. [33, 34] ). An assembly, in which a molecular chromophore is coordinated to a heterogeneous cyanide-based catalyst, was prepared with this synthetic route. The synthetic pathway adopts a molecular bottom-up approach similar to the ones previously reported for chromophore-catalyst assemblies, [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] while it differs significantly from those by the formation of a heterogeneous assembly in the final step. The H-NMR spectrum of [Fe-TPyP] exhibits the characteristic chemical shifts of [TPyP] , which indicates that the porphyrin ring is still intact and each pyridyl group is coordinated to iron sites ( Figure S2 ). Infrared studies also confirm the complexation and the formation of a Prussian blue network ( Figure S3 ). XPS spectra of N1s and Fe2p bands (Figures S4-S6 and Table S1 ) are also in good agreement with the expected structures. [35] The corresponding SEM-EDX elemental mapping reveals the homogenous distribution of the elemental species ( Figures Figure S13 ). The coordination of each Fe site to a porphyrin macrocycle reduces the dimensionality of PB structures significantly, which in return yields cobalt sites coordinated to at least one H2O molecule that is essential for water oxidation. Photocatalytic O2 evolution profile of [CoFe-TPyP] in the presence of a sacrificial electron acceptor (K2S2O8) reveals a steady increase during a 1 h experiment (Figure 1 ). The curve yields a turnover frequency of 3.2×10 −4 sec −1 (1.2 h −1 ), which is similar to the one obtained with PBAs in the presence of a Ru(bpy)3 2+ /S2O8 2− system and much higher than the one obtained when [TPyP] was mixed with a cobalthexacyanoferrate ( Figure  S14 ). [32] Similar profile was obtained for three cycles of the same batch, which indicates that [CoFe-TPyP] is stable during photocatalytic water oxidation process. This is also confirmed with comprehensive characterization studies performed on the postcatalytic powder sample (Figures S15-S17) . Overall, photocatalytic tests confirm that porphyrin and PB structures collaborate for light-assisted water oxidation catalysis, which could be due to an efficient pathway for electron transfer between the chromophore and the catalytic cobalt sites. This mechanism has been investigated by computational and femtosecond transient absorption (TA) studies. Previously, we have explored the electronic structure details of similar Co sites used as WOCs and have shown that it is critical to oxidize the Co site and increase its electrophilicity in order to enhance the nucleophilic attack of water. [26, 36] The reactivity parameters in the current study suggest a similar Co centered O-O bond formation under photocatalytic conditions. Moreover, [Fe-TPyP] Figures S18 and S19) . Due to the complexity in reliable computation of the electronic structures of multiple high spin Co centers, electron transfer dynamics of [CoFe-TPyP] were studied with TA spectra. The ground state of [Fe-TPyP] is found to be a closed shell singlet (Table S2 ) with four electronically identical Fe centers having low spin configurations (Table S3) Figure S22 ) reveal that the Zn center does not possess the key electronic structure (Table S6) to carry the O-O bond formation. 1 The effect of cobalt sites on the electron transfer is supported by the transient absorption studies (vide infra).
Quantum chemical calculations thus suggest that i) Fe-centers are involved in donating electrons and porphyrin is an electron acceptor. ii) This internal charge transfer repositions the electrons in two distinct fragments of the system and decreases the likelihood of charge recombination, thereby allowing the excited state to live long enough and to undergo other important 10.1002/anie.201811570
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electronic changes. iii) The electron transfer yields an MLCT state. iv) The internally oxidized Fe-centers act as holes to further oxidize Co-sites -an essential feature for O-O bond formation at the Co-site as shown previously. [26] These results are also verified by steady state absorption (SSA), fluorescence (FL), and transient absorption (TA) measurements. SSA graphs of the investigated compounds show typical characteristic of porphyrins as shown in Figure S23 . [37] FL measurements are given in Figures S24 and S25 . Figures S28 and S29) . [38] These data show the electron transfer from Fe-center to porphyrin as supported by the TD-DFT calculations (Figures 2 and S30 ). On the other hand, decay trace of 430 nm bleach signal for [FeTPyP] exhibits a longer lifetime (from pumped state to ground state) than that of [TPyP] , which is required for efficient photocatalytic process (Table S7 and Figure S31 ). In the case of [CoFe-TPyP], excited state absorption with long lifetime around 430 nm appears at zero time delay suggesting that this is not a T1-Tn absorption ( Figures S32, S33 and Scheme 2). [39] This profile also implies that the deactivation pathway of [Fe-TPyP] In conclusion, an entirely earth abundant cyanide-based chromophore-relay-catalyst triad system for light driven water oxidation was reported for the first time by engaging cyanide chemistry with the dyad concept. The reported assembly is genuine due, not only to the simplicity of its synthesis but also to the bifunctionality of each of its components. Porphyrin fragment is both a chromophore and a capping ligand for reducing the dimensionality of PB structures, thus, increasing the number of active catalytic sites. Transient absorption measurements and computational studies show that [Fe(CN)5] moiety serves both as a robust linker and a relay group that facilitates the electron transfer from the catalyst to the chromophore. Co-sites are essential for catalytic water oxidation. They also play a critical role in the formation of a stable heterogeneous assembly. Overall, this proof-of-concept study indicates that cyanide-based systems could be the key element for the development of earth abundant, robust, and efficient dye-sensitized photoanodes. The modular and versatile Fe(CN)5 chemistry is further explored in our labs by introducing other chromophores to generalize the concept of photocatalytic water oxidation with cyanide-based assemblies. 
